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Unexpectedly Efficient Homing Capacity of
Purified Murine Hematopoietic Stem Cells
has been important to progress in many applied and
basic studies (Goodell et al., 1996; Osawa et al., 1996a;
Spangrude et al., 1988). As a result of a series of studies
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We previously described a method of isolating murineSummary
HSCs by dual-wavelength flow cytometric analysis with
the fluorescent DNA binding dye Hoechst 33342 (Good-Single-cell transplantation analysis revealed that the
cells that had the strongest dye efflux activity (“Tip”- ell et al., 1996, 1997). This method relies on the differen-
tial ability of stem cells to efflux the Hoechst dye, which,SP cells) and had the phenotype CD34c-KitSca-1
Lin (CD34 KSL cells) exhibited very strong prolifer- like the activity of P-glycoprotein (Scharenberg et al.,
2002; Zhou et al., 2001), defines a small subset of sideation and multilineage differentiation capacity. Ninety-
six percent of the lethally irradiated mice that received population (SP) cells. The isolated murine bone marrow
SP cell population was shown to be in cells witha single “Tip”-SP CD34 KSL cell showed significant
donor cell engraftment for long term. These findings lymphoid and myeloid hematopoietic reconstituting ac-
tivity in vivo (Goodell et al., 1996, 1997).support the hypothesis that “Tip”-SP CD34KSL cells
represent the most primitive hematopoietic stem cells In this report, we describe a method of further purify-
ing HSCs by combining staining with fluorochrome-con-that are capable of migrating into the primary site and
surviving and/or proliferating with nearly absolute effi- jugated antibodies to cell surface antigens with Hoechst
dye efflux analysis. After single-cell transplantation ofciency. This led us to propose high marrow-seeding
efficiency as a specific characteristic of primitive HSCs, the cells isolated, donor-derived cells were detected
in almost all of the recipient animals and multilineagein addition to their self-renewal and multipotent capacity.
reconstitution was observed. Thus, we obtained direct
evidence that the fraction isolated possesses the phe-Introduction
notype of the most primitive HSCs and that a single
HSC is capable of repopulating bone marrow with nearlyHematopoietic stem cells (HSCs) are defined as having
both the capacity for self renewal and the ability to absolute efficiency. Our results also showed that HSCs
have an unexpectedly high ability to home to the appro-differentiate into all mature hematopoietic lineages. The
most compelling experimental evidence for the exis- priate site for their survival and/or proliferation, which
may be another important characteristic of stem cells.tence of such cells is the ability of bone marrow-derived
cells to reconstitute the hematopoietic system of lethally
irradiated recipients long term (Jones et al., 1990; Met- Results
calf, 1971; Till and McCulloch, 1961).
The identification of molecular markers that charac- The Cells with the Strongest Dye Efflux Ability Showed
terize transplantable cells with stem cell potential and the Highest Marrow Repopulating Potency
allow their selective purification is an achievement that As stated above, the side population (SP) is a rare popu-
lation of cells in murine bone marrow (Goodell et al.,
1996) and is characterized by low blue and low red*Correspondence: penguin@sc.itc.keio.ac.jp (Y.M.), hidokano@sc.itc.
keio.ac.jp (H.O.) fluorescence intensity when examined by dual wave-
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Figure 1. Hoechst Dye Efflux from Mouse Bone Marrow Cells
A representative flow cytometric profile of unfractionated bone marrow mononuclear cells stained with Hoechst 33342.
(A) The region indicated defines the SP cells. Subfractions of SP cells (R1–R3) are also indicated. R1 represents 0.02%–0.07% of the cell
population, R2 about 0.1%, and R3 about 0.3%.
(B) Engraftment activity of the SP subfractions. Competitive repopulation with serially diluted subfractions of the SP cells was attempted. The
percentages of GFP donor-derived cells detected in the peripheral blood of recipient mice 12 weeks after transplantation with R1, R2, or
R3 cells are shown. The values shown are the means  SD of three independent experiments on 10–20 animals per trial. The percentages
of donor cells in animals that were injected with a single R1 cell were calculated for the animals that showed 1% chimerism.
length fluorescence of blue versus red detected at 405 The data clearly support our earlier finding that the
fraction of cells with the strongest dye efflux activityand 585 nm, respectively. This population generally rep-
resents 0.5% of ficoll-isolated mononuclear bone mar- has the highest marrow-repopulating activity, and the
engraftment efficiency (1/5) in the present study was asrow cells (range 0.2%–0.8%, n  30) (Figure 1A). The
regions indicated (R1–R3) were defined based on a dye high as that reported for CD34 KSL cells (Osawa et
al., 1996a). However, because the engraftment effi-efflux gradient, in which R1 cells had the highest dye
efflux and R3 the lowest. We previously reported observ- ciency was still not absolute, we performed a detailed
phenotype analysis of the “Tip”-SP cells.ing that cells with the highest dye efflux (or lowest stain-
ing) had the greatest long-term repopulating ability
(Goodell et al., 1997). As a first step in extending those SP Cells in Murine Bone Marrow Are
Phenotypically Heterogeneousprevious findings, we attempted to confirm the relative
potency of the different subfractions of the SP popula- The surface phenotype analysis showed that the “Tip”-
SP cells (Figure 2A, left) were positive for c-Kit (98%,tion and further quantitate the efficiency of reconstitu-
tion of those fractions by transplantation of different n  30) and mostly negative for lineage markers (2%,
n  30) (Figure 2B, left), suggesting that SP cells arenumbers of cells (including single cells) in the presence
of unfractionated competitor bone marrow cells. The homogeneous with respect to c-Kit and Lin expression.
However, a representative two-dimensional profile ofpurified SP cells used for these studies were derived
from the CAG-EGFP transgenic mice (see Experimental Sca-1/CD34 showed that the “Tip”-SP cells were a
mixed population (Figure 2B, right). Interestingly, theProcedures). Twelve weeks after transplantation, pe-
ripheral blood cells were collected from individual recipi- proportion of CD34 Sca-1 within the “Tip”-SP cell
population was about 20% (range 8%–25%, n  30).ents and analyzed for EGFP expression as a marker for
the donor-derived cells. The results are shown in Figure The frequency of “Tip”-SP cells within the CD34 KSL
cells population is also about 20% (range 10%–30%, n1B, and the data clearly reveal that the R1 fraction had
stronger marrow repopulating activity than the R2 or R3 30) (Figure 2A, right). Although the marrow-repopulating
efficiency of these two sets of cells is almost equal, thefraction. We refer to the R1 fraction as “Tip”-SP cells.
When lethally irradiated mice were injected with a single “Tip”-SP fraction overlaps only 20% of the CD34 KSL
population. As a result, these populations are not equiv-R1 cell, one out of five recipients was positive for a
significant number of donor-derived cells (n  21) and alent.
We then performed a competitive marrow-repopula-had occurred engraftment in all mice that received 10
or more cells per injection, whereas 1000 cells were tion assay to assess the characteristics of each SP sub-
set. One hundred cells of unfractionated SP cells or SPrequired for repopulation by the R3 fraction.
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Figure 2. Characterization of Mouse Bone Marrow SP Cells
Representative flow cytometric profile of Hoechst 33342- and antibody-stained cells.
(A) Hoechst fluorescence of mouse bone marrow mononuclear cells. The “Tip”-SP cells were gated with a blue polygon. The value shown is
the percentage of the cells in each region (left). Hoechst fluorescence of CD34 Sca-1 c-Kit Lin cells. The “Tip”-SP region drawn is
identical to that in the left panel (right).
(B) c-Kit and lineage marker profile of the “Tip”-SP cells (the region indicated in [A]) (left). Sca-1 and CD34 profile of the “Tip”-SP cells (right).
subset cells from C57 BL/6-Ly5.1 donor animals to- only short term, with the donor cells only being detected
at 2–4 weeks after transplantation and disappearing bygether with 1 105 of unfractionated bone marrow cells
from wild-type C57BL/6-Ly5.2 animals were injected 8 weeks. No cells derived from the CD34 Sca-1 SP
cells were detected at 2 weeks, but some were detectedinto lethally irradiated C57BL/6-Ly5.2 recipients. Two,
four, and eight weeks after the injection, peripheral after 4 weeks, and their frequency increased over time.
By contrast, the repopulation by CD34 Sca-1 non-blood was retroorbitally collected from the recipients,
and the mononuclear cells were analyzed for the pres- SP cells was only short term (data not shown). The popu-
lation of Sca-1 negative cells did not exhibit any marrow-ence of donor-derived (Ly5.1 positive) cells by flow cy-
tometry. The data from a representative experiment are repopulating activity.
The data strongly suggested that CD34KSL SP cellsshown in Table 1.
The recipients that were injected with the unfraction- represent long-term marrow-repopulating activity and
that CD34 KSL SP cells represent short-term en-ated SP cells contained a certain number of donor-
derived (Ly5.1 positive) cells every time specimens were graftment. A cobblestone area-forming assay in a recent
study by another group also revealed that SP cells arecollected. Repopulation by CD34Sca-1 SP cells was
Immunity
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Table 1. Percentage of Donor-Derived GFP-Positive Cells after Transplantation of SP Cell Subsets
% Donor-Derived Ly5.1 Cellsa
Phenotypeb Cells Per Mousec 2 Weeksd 4 Weeks 8 Weeks
Total SP 100 39.2  5.9 14.7  2.7 23.2  5.5
CD34() Sca-1() SP 100 22.4  5.7 4.5  0.8 0.5  0.8
CD34() Sca-1() SP 100 2.1  0.9 17.3  8.0 34.7  18.5
Sca-1() SP 1000 0  0 0  0 0  0
Values shown are mean  SD.
a Donor-derived cells in the peripheral blood of recipient mice were detected by flow cytometric analysis, and the percentage of Ly5.1-positive
donor-derived cells was measured. The results are shown as the mean  SD.
b All subfractions were isolated by flow cytometric analysis and sorted as described in the Experimental Procedures.
c The number of cells indicated was injected with 2  105 of unfractionated wild-type bone marrow cells.
d Peripheral blood specimens were collected from the recipient mice at the times indicated.
a mixed population and that CD34 Sca-1 SP cells fully reconstituting lethally irradiated mice, leading to the
establishment of long-term hematopoietic repopulation.have long-term repopulating ability (Parmar et al., 2003).
Taking all of the above into consideration, we concluded The results of the present study clearly demonstrated
that a single “Tip”-SP CD34 KSL cell gave rise to allthat the fraction of cells exhibiting the “Tip”-SP and
CD34 KSL are the most primitive HSCs. defined lineages and that a single cell was sufficient to
restore long-term hematopoiesis in lethally irradiated
mice.“Tip”-SP CD34 KSL Cells Exhibited a Capacity for
Several groups have reported that the spleen is theMultilineage, Long-Term Repopulation and
primary site of stem cell expansion after transplantationPossessed High Marrow-Seeding Efficiency
(Osawa et al., 1996b) and estimated that the spleenTo test their long-term and multilineage reconstitution
seeding factor (f ) is 0.1 to 0.2 (Spangrude et al., 1995;potency, we performed a competitive repopulation
van der Loo and Ploemacher, 1995). On the other hand,assay of single “Tip”-SP CD34 KSL cells, which are
it has recently been reported that an stem cell fractionextremely rare, representing only 0.001%–0.01% of fi-
isolated from mouse and human HSCs possesses highcoll-isolated bone marrow mononuclear cells. “Tip”-SP
marrow-seeding efficiency (Benveniste et al., 2003;CD34KSL cells from CAG-EGFP transgenic mice were
Cashman and Eaves, 2000). Our findings in this studytransplanted into lethally irradiated wild-type C57BL/6
directly support the findings in these recent reports,mice, as one cell per recipient, together with 1  105
unfractionated bone marrow cells derived from C57BL/6
mice (see Experimental Procedures). The results of three
independent experiments are shown in Figure 3. Donor-
derived GFP-positive cells were detectable (1%) in 70
of 73 recipients (95.9%), and 68 of 73 (93%) of the host
animals exhibited 10% chimerism at 12 weeks after
transplantation. Surprisingly, EGFP-positive cells of do-
nor origin accounted for 1% of the peripheral blood
cells of all recipients in Experiment 3. The mean percent-
age of EGFP-positive donor cells was 44.7 24.7% (n
73), indicating that the chimerisms were significantly
diverse (range 0.5%–82%).
A lineage analysis of peripheral blood cells from recipi-
ent animals was also performed, and the representative
data from Experiment 3 are shown in Table 2. Both
myelo/monocytes and T/B lymphocytes derived from a
single “Tip”-SP cell were detected in each recipient at
3, 6, and 12 months after transplantation.
We therefore concluded that, based on the definition
of long-term marrow repopulating potency and multi-
lineage differentiation, over 90% of the “Tip”-SP CD34
KSL cells should be the most primitive hematopoietic
stem cells.
Discussion
Figure 3. Results of Bone Marrow Reconstitution by Single “Tip”-
SP CD34 KSL Cells
The definition of pluripotential hematopoietic stem cells
The peripheral blood cells of recipient mice were analyzed 12 weeks
has two parts: each stem cell must be capable of giving after transplantation. The chimerism of donor-derived cells was cal-
rise to progeny in all defined myelo/lymphoid lineages culated as the % of GFP/% of all live cells. Each dot () represents
the percentage of donor-derived cells in each recipient.and limiting numbers of stem cells must be capable of
Absolute Engraftment of Pure HSC
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In our previous studies, a majority of cells within theTable 2. Lineage Analysis for Single “Tip”-SP CD34 KSL-Derived
Cells from the Peripheral Blood Cells of Recipient Animals SP cell population were negative/low for CD34 but posi-
tive for Sca-1. The results of the current study, however,Monthsa Nb Totalc Myeloidd Lymphoide
suggest that optimal antibody staining conditions can
3 33 53.3  23.1 15.0  8.5 83.6  10.8 be used to resolve several rare subpopulations of SP
6 18 49.1  32.8 21.5  17.2 75.9  19.1
cells on the basis of expression of CD34 and Sca-1. We12 18 47.6  31.3 24.9  17.5 74.7  18.5
had tested various staining conditions for the antibodies
Donor-derived cells in the peripheral blood of recipient mice were used in the present experiment and had found that the
detected by flow cytometric analysis, and the percentage of EGFP- saturation point of the anti-CD34 antibody was 5 g/ml,
positive donor-derived cells was measured. Values shown are
five times higher than that of the others, and that themean  SD.
same concentration of isotype control antibody did nota Months after transplantation.
b Number of recipients. The numbers of mice were lower at 6 months affect the background staining level (Y.M. and R.C.M.,
because some animals were sacrificed to determine the distribution unpublished data). On the basis of those studies, we
of EGFP-positive donor cells in nonhematopoietic organs (our un- conclude that the CD34 expression detected under the
published data). condition used in the present study was due to specificc Mean percentage of total EGFP-positive donor-derived cells.
binding of the CD34 cell surface antigen. “Tip”-SP cellsd Mean percentage of EGFP-positive donor-derived cells that were
purified under these optimal conditions can be distin-myeloid (Gr-1/Mac-1 positive) cells.
e The mean percentage of EGFP-positive donor-derived cells that guished from other SP cells on the basis of their extraor-
were T or B (CD3/B220-positive) cells. dinarily high specific reconstitution activity and thus
they must possess a strong ability to home to sites in
vivo compatible within sustained hematopoiesis.
since a single “Tip”-SP CD34 KSL cell was seeded in
almost every animal, suggesting that the most primitive Experimental Procedures
HSCs have an extremely high capacity home to the site
that supports their survival and expansion. Mice
C57BL/6 mice 8–10 weeks of age were purchased at from CLEAIf cells capable of long-term multilineage repopulation
Japan, Inc. (Tokyo, Japan). C57BL/6 transgenic mice that ubiqui-but without any homing capacity existed, they would not
tously express enhanced green fluorescent protein (EGFP) underexhibit strong engraftment in any ordinary intravenous
the control of the CAG promoter (Kawamoto et al., 2000) were kindly
transplantation assay; however, they might be capable provided from Dr. Jun-ichi Miyazaki (Osaka University, Osaka Japan)
of long-term and multilineage reconstitution if injected and were bred in our animal facility. The mice were kept under
directly into the bone marrow. Future studies should specific pathogen-free conditions in our animal facility at Keio Uni-
versity School of Medicine. All transgenic mice used in this studybe designed to identify the molecules and mechanisms
were heterozygous for the transgene.required for homing of hematopoietic stem cells in vivo.
Some C57BL/6 mice and all of the B6.SJL-Ptprca Pep3b/BoyJIn view of the above, we propose that the definition of
(C57BL/6-Ly5.1) were purchased at 8–10 weeks of age from Jackson
HSCs should include homing capacity as well as multi- laboratory (Bar Harbor, Maine). These mice were kept under specific
lineage differentiation and self-renewal capacity. The pathogen-free conditions in the animal facility at Harvard University
primary lodging site of pure HSCs and their homing Medical School.
capacity should be determined after transplantation by
Preparation of Bone Marrow Cells and Hoechst 33342 Stainingmeans of in vivo imaging and a luciferase reporter signal
Donor mice were sacrificed by cervical dislocation, the femurs and(Collaco and Geusz, 2003).
tibias were dissected out, and single-cell suspension was preparedAlthough the engraftment efficiency of the “Tip”-SP
as follows. The bones were crushed with a pestle, and the marrow
CD34 KSL cells was extremely high, the percentage cells were suspended in HBSS (calcium- and magnesium-free
of donor cells varied significantly between individual Hanks-balanced salt solution supplemented with 2% FCS, 10 mM
recipients. This raises two possibilities: that the HSC HEPES, and 1% penicillin/streptomycin), and the cell suspensions
were filtered through a cell strainer (Falcon 2350) to remove debris.populations used in this study may have had equally
The filtrate was suspended in 50 ml of ice-cold HBSS and thenefficient homing capacity but had heterogeneous prolif-
pelleted by centrifugation at 280 g for 6 min at 4	C. The bone marroweration potency and, second, that the cells were homog-
cells were resuspended at 1  106 cells/ml in HBSS and then
enous in regard to both homing and proliferation capac- incubated with 5 g/ml Hoechst 33342 (Sigma Chemical Co., St.
ity, but their regenerative potential may depend on the Louis, MO) for 60 min at 37	C. A parallel aliquot was stained with
microenvironment in which the individual transplanted the Hoechst dye in the presence of 50M reserpine (Sigma Chemical
Co.). We noticed that Hoechst 33342 staining is not always repro-cells settled.
ducible, and since the staining profiles of different batches of theOur results may introduce additional interesting na-
dye varied considerably, we screened several Hoechst 33342 dyesture of HSCs in regard to the fate determination of HSCs.
to select a suitable batch, and ultimately chose lot number 31K4028If the lineage commitment is determined by a stochastic
for use in the experiments.
mechanism, whatever the self renew to commitment After Hoechst staining, the cells were spun again, resuspended
ratio, the probability of engraftment would never reach in 5 ml of ice-cold HBSS, and layered on top of 5 ml of Ficoll-
100%. Our data indicated that a single transplanted PaqueTM Plus (Amersham Pharmacia Biotech AB, Uppsala, Sweden).
After a centrifugation at 630 g at 4	C for 20 min, the mononuclear“Tip”-SP CD34 KSL cell repopulated each recipient
cells were recovered from the intermediate layer and immediatelylong term with absolute engraftment efficiency, and
washed with 10 ml of ice-cold HBSS.thus, all of the cells must have self renewed during the
first cell division. As described previously, the lineage
Antibody Staining
commitment of HSCs has been regarded as a stochastic The Hoechst-stained cells were resuspended in ice-cold HBSS at
process, but it may be modified by extrinsic signals from 1–5  107 cells/ml, then stained for 30 min on ice with the following
mAbs: biotinylated CD34 (RAM34), PE-conjugated Sca-1 (Ly6A/E),the microenvironment (Metcalf, 1999).
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